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Near-surface environmental inves-
tigations often require monitoring of
the spatial distribution of water con-
tent and identification of preferential
fluid flow paths. Water content esti-
mates are needed, for example, to
model and predict pollutant trans-
port through the vadose zone and to
subsequently design an efficient and
reliable remediation plan. The char-
acteristics of preferential flow paths,
as well as the location and geometry
of these features, are necessary to
model and predict flow and trans-
port in complex geological media
such as fractured or strongly hetero-
geneous porous systems. Water con-
tent can be measured in the labora-
tory and in boreholes, and fracture
zones are often identified from cores
or borehole acoustic televiewer
responses. However, these methods
are costly, time-consuming, and
invasive — all of which limit the
ability to perform detailed and mul-
tidimensional vadose zone site char-
acterization. Thus, there is a need to
capture the spatial variations of these
hydraulic parameters or features in
an efficient and less invasive manner.

We investigate the use of dielec-
tric information obtained from high
resolution tomographic radar data
for estimating subsurface water con-
tent and delineating distinct fluid
flow paths in three case histories: one
where data were collected at a single
point in time and two where data
were collected at the same locations
but at different times. Processing the
time-lapse radar data as “dielectric
difference” cross-sections (measure-
ments collected at an earlier time
subtracted from those collected
later) enhances subtle geophysical
attribute changes due to dynamic
processes such as steam flooding,
infiltration tests, hydraulic fractur-
ing, and the spread of contaminant
plumes. In all case studies, the radar-
assisted water content or fluid flow
path estimates were confirmed by

Table 1.

Dielectric
Material Constant
Sand (dry) 3-6
Sand (saturated) 20-30
Silts 5-30
Shales 5-15
Clays 5-40
Humid soil 30
Cultivated soil 15
Rocky soil 7
Sandy soil (dry) 3
Sandy soil (saturated) 19
Clayey soil (dry) 2
Clayey soil (saturated) 15
Sandstone (saturated) 6
Limestone (dry) 7
Limestone(saturated) 4-8
Basalt (saturated) 8
Granite (dry) 5
Granite (saturated) 7

borehole measurements. The geo-
physical work at all three sites
was supported by the Department
of Energy, Office of Health and
Environmental Research (DOE/
OHER) under the Subsurface Science
Program.

Background. Ground penetrating
radar (GPR) uses short pulses of
high-frequency (10-1000 MHz) elec-
tromagnetic energy to probe the sub-
surface. Under favorable conditions,
the radar signal traveltime is pri-
marily affected by changes in the
dielectric properties of the material
which may be caused by variations
in saturation, material constituency;,
material texture, temperature, and
pore fluid composition. At radar fre-
quencies, typical values for common
geologic materials are 2-40 (Table 1).
As the dielectric constant of water is
80 and air is 1, a material saturated
with water has a higher dielectric
constant than the same material in an
unsaturated state.

GPR performance is often poor in
electrically conductive environments
such as systems saturated with
saline water or dominated by clays;
in general GPR performs best in
unsaturated coarse- or moderately
coarse-textured sediments and in
some consolidated rocks such as
granite. The three sites discussed here
consist of clean sands, fractured
basalts, and welded tuffs, respec-
tively. When conditions are amenable
to radar sounding and at the high
frequencies used for data acquisi-
tion, the dependency of radar veloc-
ity on electrical conductivity is neg-
ligible and the radar signal velocity
(V) can be related to the real part of
the dielectric constant (k) by the sim-
ple relationshipk = (c/V)? where c is
the plane-wave propagation velocity
of electromagnetic waves in free
space; thus, dielectric constants can
be estimated from GPR velocities.

Tomographic radar methods
transmit electromagnetic energy
directly from a transmitting antenna
in one borehole to a receiving anten-
na in another borehole over several
transmitting/receiving locations.
Data reduction includes initially
picking the arrival time (or travel-
time) for all transmitter/receiver
pairs. The interwell area is then dis-
cretized into rectangular cells of con-
stant slowness (the reciprocal of
velocity) and an attempt is made to
determine the slowness within each
cell such that the differences between
the observed traveltimes and those
calculated for a raypath passing
through several nodes is a minimum
for all raypaths. The procedures for
collecting and processing radar data
in the format necessary for velocity
estimation are relatively new and
still topics of research. Nonetheless,
the increase in use of radar data for
detailed site investigation suggests
these procedures will become stan-
dardized. Obtaining information
about radar propagation velocity is
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Figure 1. Velocity estimates for
well pair T4-T5 obtained from
inverting the crosshole radar data.

Figure 2. Dielectric estimates for
well pair T4-T5 obtained using the
velocity estimates in Figure 1.

Figure 3. Saturation estimates for
well pair T4-T5 obtained using the
dielectric estimates shown in Fig-
ure 2 together with Topp’s rela-
tion.
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Figure 4. Comparison of saturation estimates at wellbore T4 obtained
from neutron probe and tomographic radar data. The saturation estimates
obtained from the radar data are remarkably similar to those collected
using neutron probe data, and suggest that crosshole radar data can pro-
vide two-dimensional water saturation estimates.

beneficial since interval velocities
can be related to a material’s dielec-
tric constant. This, in turn, can be
used to estimate hydrogeological
parameters or features.

Volumetric water content (8) and
saturation (S) are related by: 6=S-@
(¢ = porosity). Both empirical and
theoretical approaches have been
used to investigate the relationship
between dielectric constants and
moisture content. Topp’s well known
petrophysical relation (8 =-5.3 x 10
+292 x 102K - 5.5 x 10% K2+ 4.3 x
10% K3, G.C. Topp et al., Water
Resources Research, 1980) suggests
that dielectric constant increases
with volumetric water content. Rela-
tionships between dielectric and
hydraulic parameters can also be
represented using mixture formulae,
such as developed by Roth et al. in
“Calibration of time domain reflec-
tometry for water content measure-
ment using a composite dielectric

approach (Water Resources Research,
1990).

Roth’s formula and Topp’s re-
gression relationship are widely
used in soil physics studies to relate
TDR measurements of dielectric con-
stants to water content. These petro-
physical relationships are not uni-
versal but they provide examples of
how the dielectric constant obtained
from tomographic radar data mea-
surements can be used to estimate
moisture content.

Processed time-lapse radar data
yield estimates of the change in
electromagnetic wave propagation
velocities over some time period or
(by the mathematical means pre-
viously described) the change in
dielectric constants. Data collected
as the saturation state varies (e.g.,
during an infiltration test) will re-
veal changes in dielectric constants
caused by water content variations.

In fractured or strongly hetero-
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Figure 5a. Dielectric estimates

for well pair R1 -R2 inferred using
information from crosshole radar
data collected prior to infiltration
experiment.
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Figure 5b. Dielectric estimates

for well pair R1-R2 inferred using
information from crosshole radar
data collected nine days after
infiltration began.
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Figure 5c. Difference in dielectric
constants between data collected
prior to infiltration and after infil-
tration began. The linear features
are interpreted to be water-con-
ducting fracture zones.
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Figure 6. Difference in interpolat-
ed borehole temperature measure-
ments prior to application of heat
and those collected five months
after the test began. The black dot
indicates the heater location.

geneous porous media, the greatest
dielectric constant changes will
occur during infiltration within
interconnected high permeability
layers or features, and thus the radar
“difference” data can illuminate
these preferential flow paths.

Saturation estimation using tomo-
graphic radar data. The impetus for
this study was the hydrogeologic
characterization of the DOE’s Sub-
surface Program Bacterial Transport
Site in Oyster, Virginia, where the
near subsurface consists of uncon-
solidated gravelly sand sediments.
As the sediments are moderately
homogeneous and no changes in
subsurface temperature or pore fluid
composition are expected, the radar
response in the vadose zone should
be largely controlled by variations in
saturation. Three tomographic pro-
files were collected in one day at
depths of 0.5-11 m. Boreholes were
separated by 4 m. Antenna spacing
within the wellbore was 0.25 m. The
transmitting antenna for well pair
T4-T5 was in hole T4 and the receiv-
ing antenna in hole T5. A Pulse-
EKKO 100 system, with 100 Mhz
central frequency borehole antennas,

was employed at this site and the
other two sites discussed later.

Slownesses were estimated for
this study (as well as for the follow-
ing two data sets) using a straight-
raypath algebraic reconstruction
inversion technique. Figure 1 shows
the velocities obtained from the
slowness values. The electromagnet-
ic propagation velocity range of
approximately 0.125-0.145 m/ns is
typical for unsaturated, unconsoli-
dated sands. These velocities were
transferred into dielectric constant
estimates (Figure 2). The dielectric
constant estimates were converted to
water content estimates and then
into saturation with a constant
porosity value of 0.4 obtained from
averaged core measurements. These
estimates (Figure 3) suggest the pres-
ence of subsurface horizontal layers
with varying saturations and a ver-
tical and horizontal resolution of
approximately 0.20 m.

We compared these saturation
estimates measurements with neu-
tron probe measurements in the
wellbores. These were collected from
the surface to the water table every
15-30 cm using a CPN 503DR
Hydroprobe. When high energy neu-
trons from the neutron probe are
emitted into the formation, they col-
lide with other nuclei and lose ener-
gy, or become thermalized. Of all
common nuclei present in earth
materials, hydrogen is the most
effective neutron moderator because
its mass is nearly equal to that of a
neutron. In soil and rock environ-
ments which do not contain hydro-
carbons, water is by far the largest
reservoir of hydrogen, making neu-
tron attenuation particularly useful
for moisture detection. Although for-
mation-specific calibration of neu-
tron counts is necessary for precise
guantification of moisture content,
estimates of saturation may be
obtained by using the ratio of ther-
mal neutron counts at any depth to
those measured under saturated con-
ditions. As there are only minor vari-
ations in formation mineralogy and
bulk density in the Oyster sediments,
the saturation-neutron count rela-
tionship was assumed to be linear,
and this was used to estimate satu-
ration as a function of depth. Figure
4 compares the neutron probe esti-
mates of saturation at well T4 with
the estimates obtained using tomo-
graphic radar. Correlation is ex-
cellent, and suggests tomographic
radar methods are extremely use-
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Figure 7a. Dielectric constant
estimates for well pair 15-17
inferred using information
from crosshole radar data
collected prior to heat appli-
cation.

ful for estimating two-dimensional
water saturation in fairly homoge-
neous environments.

Delineation of permeable pathways
using time-lapse tomographic ra-
dar. Radar data were collected at the
Box Canyon Site in Idaho to aid near-
suface fracture and rock characteri-
zation. The subsurface is a “clean”
analog to contaminated subsurface
at the nearby Idaho National Engi-
neering Laboratory. Both consist of
Snake River Plain Quaternary frac-
tured and vesicular basalt flows
interlayered with sedimentary de-
posits. Fracture orientation is ran-
dom and fracture thickness varies
from microscopic to a few centime-
ters. These fractures were formed
during basalt cooling and often form
permeable pathways. Additionally,
high horizontal permeable pathways
are present as “rubble zones” which
form at the top of the basalt flows
during lava cooling. Fracture and
rubble zones are believed the major
conduits for fluid flow; to predict
and control contaminant transport
through the fractured Snake River
Plain vadose zone, an understanding
of the nature and connectivity of

=37

=27

=1F

Meters from heater (Y) Well 16
=7

L E]

13

23
.3

7 'II.'.‘ EILT -E;.E- -11.3
Meters from hsater {X)

BT .
] 10 7
Dislactric Constant
Figure 7b. Dielectric constant
estimates for well pair 15-17
inferred using information
from crosshole radar data col -
lected after heat had been
applied for five months.

these preferential flow paths is
essential.

Four tomographic radar profiles
were collected prior to and during an
infiltration test at Box Canyon. The
infiltration test imposed a hydraulic
head above the ground surface with-
in an enclosed barrier, and falling
head and subsurface responses were
monitored as a function of time.
Radar data were collected one month
before and nine days after the infil-
tration test began. Wellbore spacing
was 4.5 m. Data were collected at
approximately 0.5-15 m with anten-
na spacing of 0.25 m.

Data were inverted for slowness-
es, converted to electromagnetic
wave propagation velocities, and
then to dielectric constants. Exam-
ples of the dielectric constant esti-
mates for profiles before and after
commencement of the infiltration
test are shown in Figure 5a and 5b,
respectively. As the subsurface geol-
ogy and temperature remain con-
stant, the differences (Figure 5c)
between these figures are attributed
solely to variations in saturation due
to water infiltration. These “differ-
ence” data reveal that the dielectric
constants increase on average 4%
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Figure 7c. Difference in
dielectric constants from data
collected prior to heat appli-
cation and after heat had been
applied for five months.

during infiltration, and that changes
as high as 20% occur locally. The
increases in dielectric constants near
the surface and along permeable
pathways are interpreted to be due
to an increase in saturation associat-
ed with the infiltration test. We did
not attempt to estimate the change in
water content, but instead used the
differences in dielectric constant to
infer the presence of preferential
fluid flow paths. For example, Figure
5¢ reveals a linear (blue) feature
extending from 6 m below ground in
well R2 downward to approximate-
ly 12 m in R1. The increase in dielec-
tric constant along this lineament is
interpreted to be caused by increased
wetting of a fracture zone. This lin-
eament intersects R2 at a location
where a borehole camera reveals a
fracture swarm, and extension of this
lineament to another borehole 5 m
away intersects a portion of the core
where a 1.5 cm fracture was identi-
fied. Several other linear features are
also identifiable on the difference
section at depths of 6-12 m; these are
interpreted to be part of a pervasive
subhorizontal fracture swarm that is
apparent from borehole camera data
as well as at a nearby outcrop. These
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Figure 8. Laboratory dielectric measurements
made at 100 kHz as a function of saturation
and temperature. These data suggest that
dielectric constants increase with both sat-

uration and temperature.

results exemplify the use of tomo-
graphic time-lapse radar data for
aiding characterization and imaging
of permeable flow zones.

Monitoring water distribution
using time-lapse tomographic ra-
dar. Tomographic radar data were
collected in time-lapse manner to
monitor water distribution at the
Yucca Mountain Single Heater Test
Site in the thermomechanical alcove
of the Exploratory Studies Facilities
(ESF) thermal test facility at the
Yucca Mountain Repository. Numer-
ous geophysical hydrological and
geochemical investigations have
been and are being performed to
gain an understanding about cou-
pled processes including fluid
movement; this information will
become part of a comprehensive
database to determine if the site is
appropriate for nuclear waste stor-
age. At the Single Heater Test Site,
the application of heat over time is
expected to progressively drive
moisture away from the heater. The
subsurface consists of the welded
Topopah Spring Tuff, which has pri-
mary porosity of approximately 11%
and fracture spacing of 2-4 per
meter.
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Figure 9. Laboratory dielectric measurements made at 23° C as
a function of saturation and frequency. The dispersive nature
of the dielectric constant renders it difficult to use a petrophys-
ical model inferred from the 100 kHz laboratory data to predict

changes in saturation using 100 MHz field data.

Two crosshole tomographic ra-
dar profiles were collected prior to
the heater test and five months after
it began. The boreholes were not
parallel and radar wellbore separa-
tions varied along the length of the
borehole from 1-4 m. Antenna spac-
ing in the wellbores was 0.25 m. The
differences between the initial con-
stant subsurface temperature of 25°
C and the temperature distribution
five months after the test began were
obtained from probes installed along
the boreholes. These temperature
differences are shown in Figure 6.
The heater location is annotated by a
black dot.

As in the other cases, data were
inverted for slownesses, converted
to velocities, and finally converted to
dielectric constants. Profile 15-17,
collected prior to heat application, is
shown in Figure 7a and the same
profile, collected five months after
the test commenced, is shown in Fig-
ure 7b. The dielectric constant dif-
ferences are shown in Figure 7c.
Unlike the infiltration test, both sat-
uration and temperature vary during
this experiment, and thus the varia-
tions in dielectric constant can not be
used directly to infer the change in
saturation. The relationship between

dielectric constant, saturation and
temperature must be known to esti-
mate the change in saturation. To
investigate these relationships, labo-
ratory measurements of the dielectric
constant as a function of both satu-
ration and temperature were per-
formed on disk-shaped core samples
with diameters of 5.1 cm and a diam-
eter-to-thickness aspect ratio of
>10:1. These measurements were
made at 23°, 40° and 65° C, over a
saturation range of 0-100% during
wetting and drying experiments as
well as at various frequencies, the
highest of which was 100 kHz. Fig-
ure 8 shows an example of the labo-
ratory dielectric measurements
obtained during a wetting experi-
ment with 100 kHz signal. This fig-
ure reveals that for the Yucca Moun-
tain Topopah Spring Tuff, the
dielectric constants increase with
increasing saturation and tempera-
ture.

We originally intended to use the
data in Figure 8 to obtain a relation-
ship between the logarithm of satu-
ration, temperature and dielectric
measurements which would enable
us to estimate interwell saturation
given the radar dielectric constant
differences (Figure 7¢) and the bore-
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hole temperature measurement dif-
ferences (Figure 6). However, the dis-
persive nature of dielectric constants
at frequencies lower than 10 MHz
for materials with electrical conduc-
tivities less than 100 mS/m prohibit-
ed us from using a relation modeled
from these 100 kHz laboratory mea-
surements to predict saturation
given the 100 MHz radar dielectric
constant measurements. The effect of
frequency on the dielectric constant
is displayed in Figure 9, which
shows the dielectric and saturation
laboratory measurements collected
at a constant temperature of 23° C at
various frequencies. This reveals that
dielectric constants decrease with
increasing frequency; for compari-
son, our 100 MHz radar dielectric
constant estimates fall in the range of
8-12.

An alternative method of relat-
ing dielectric constant to saturation
and temperature is to perform
regression analysis using dielectric
constant estimates obtained from
crosshole radar data along with
borehole measurements of satura-

tion obtained from neutron logs and
borehole temperature measure-
ments. This work is currently in
progress, and we expect that this
method will produce a dielectric
constant-saturation-temperature
relationship that can be used with
radar data to estimate the two-
dimensional change in saturation.
Although we can not presently
estimate the change in saturation at
the Single Heater Test Site, some
qualitative statements can be made
about subsurface conditions using
the dielectric constant differences.
For example, this “difference” pro-
file (Figure 7c) reveals that the
dielectric constants have decreased
near the heater, which suggests that
temperature or saturation, or both,
have decreased over time. Because
we know that the temperature has
only increased near the heater in
the time during the acquisition of
the two data sets, we can infer dry-
ing in the vicinity of the heater, and
that the drying is not symmetric but
is likely controlled by the rock het-
erogeneity. However, the increase

in dielectric constant shown by the
blue zone in the middle of Figure
7c can be caused by an increase in
saturation, temperature, or both,
and since we know that the tem-
perature has increased over time, it
is impossible to estimate the vari-
ations in saturation without in-
corporating petrophysical infor-
mation. [E
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